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Abstract Isolation and purification of islet cells exposes them
to ischemic, osmotic and mechanical stresses. The objective of
this study was to determine the roles of the MAP-kinases in islets
immediately following isolation. During the first 48 h, activity of
JNK1 and JNK2 declined markedly. Activity of p38 increased
steadily with time in culture while extracellular signal regulated
kinase (ERK) activity declined dramatically within 24 h post-
isolation. High p38 activation relative to ERK activation
immediately following isolation correlated with a decrease in
islet survival after 36 h in culture. Absence and/or transiency of
ERK signaling in conjunction with sustained activation of p38
pathway could be an important regulator of cell death in islets
during and following their isolation by commonly employed
procedures.
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1. Introduction
The use of cellular grafts of puri¢ed islets of Langerhans
has provided only transient reversal of hyperglycemia in a
small proportion of diabetic recipients [1]. Unfortunately,
the primary cause of graft failure is poorly understood. In
experimental models of islet transplantation, loss of islet cell
mass appears to be a common feature [2,3]. While no reasons
have been advanced to explain these changes, we recently
reported that human islets undergo apoptosis upon isolation
[4], and it has been suggested that this may continue following
transplantation as well [5,6]. The extent to which this might
represent a response to unfavorable conditions in the extra-
cellular milieu both in vitro and at the graft site is unknown.
The MAP-kinases (MAPK) are serine/threonine kinases
which mediate intracellular phosphorylation events triggered
by a variety of extracellular stimuli reviewed in [7,8]. These
stimuli include growth and di¡erentiation factors, cytokines
and integrin-mediated cell attachment. Recently other MAP-
kinase subgroups have been identi¢ed. Both the JNK (SAPK)
family [9^11] and p38 (SAPK2) [12] are activated by various
forms of extracellular stress, including cytokines, heat and
osmotic shock, endotoxin and UV irradiation [10,11,13^17].
Both JNK and p38 are believed to regulate apoptosis in re-
sponse to noxious stimuli or growth factor withdrawal in
many cell types [18^20].
The extracellular signal regulated kinase (ERK) family of
MAPKs regulate intracellular pathways which respond to
growth and survival promoting stimuli, including mitogens,
survival factors and matrix-integrin interaction [21,22]. It is
thought that a crucial balance exists between ERK and the
SAPK activity, maintained by the makeup of the cell’s micro-
environment and ultimately determining the fate of the cell
[18,23].
The determinants of this balance in islet cells are not
known. Furthermore, the e¡ects of pancreatic dissociation
and islet puri¢cation on MAPK activation have not been
determined. Results from this study show changes in MAPK
activation and expression, as well as an increase in expression
of the regulatory element MAP-kinase phosphatase-1 (MKP-
1) in canine, porcine and human islets following isolation. The
trends observed may explain the vulnerability of islet cells to
injury and apoptotic cell loss, and may direct e¡orts at pro-
moting cell survival in the context of transplantation.
2. Materials and methods
2.1. Human islet isolation
Pancreata were retrieved from heart-beating cadaveric donors (age
18^45 years) at the time of multi-organ harvest for transplantation.
Consent for donation of tissues for research was obtained by the local
organ procurement organization. Following vascular £ushing with
University of Wisconsin solution perfusion, the pancreas was removed
and transported to the islet isolation laboratory. Cold ischemia time
was between 30 min and 5 h.
Islets were isolated using the method of Ricordi et al. [24]. Brie£y, a
30‡C solution of 2 mg/ml Liberase enzyme blend (Roche Molecular,
Indianapolis, IN, USA) in Hanks’ balanced salt solution (HBSS)
(Mediatech, Herndon, VA, USA) supplemented with 0.2 mg/ml
DNase I (Boehringer-Mannheim, Montreal, Que., Canada) was in-
fused into the main pancreatic duct using a syringe. The distended
pancreas was placed in a sterilized aluminum digestion chamber (Bio-
Rep, Miami, FL, USA) through which HBSS supplemented with pen-
icillin (100 000 U/l) and fungizone (2500 Wg/l) (Gibco, Burlington,
Ont., Canada) was recirculated at 37‡C. Extent of tissue digestion
was assessed by staining aliquots of digestate with dithizone (Sigma,
St. Louis, MO, USA), and visualizing the islets under an inverted light
microscope (Nikon, Montreal, Que., Canada). The digestion process
was terminated by cooling the circuit to between 5 and 10‡C when the
majority of islets were free of surrounding acinar tissue. The digestate
was collected, centrifuged (400Ug) and washed three times in HBSS-
FCS solution and islets were puri¢ed on a discontinuous EuroFicoll
density gradient (Eurocollins solution and Polysucrose 400, Medi-
atech, Herndon, VA, USA; Ficoll, Sigma, St. Louis, MO, USA) using
a COBE 2991 Cell Processor (COBE BCT, Denver, CO, USA).
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2.2. Porcine islet isolation
Porcine islets were isolated using Ricordi et al.’s automated method
[25] with previously described modi¢cations [26]. Brie£y, pancreata
were procured from slaughtered sows weighing 200^300 kg, intraduc-
tally distended with Liberase HI (Roche Molecular Biochemicals),
and digested in a continuous digestion-¢ltration device at 28^32‡C.
Free islets were separated from non-islet tissue utilizing isopycnic
iodixanol gradients on a COBE 2991 cell separator [27]. Puri¢ed islets
were cultured free-£oating in bicarbonate-free Medium 199 [28] (Sig-
ma, St. Louis, MO, USA) in a humidi¢ed atmosphere of 100% air at
37‡C for 36 h. Medium 199 was supplemented with 20% (v/v) donor
pig serum, 25 mM HEPES (Sigma), and 20 mg/ml cipro£oxacin
(Bayer Corporation). Islet quality assessment was performed accord-
ing to international standards [29].
2.3. Canine islet isolation
Canine pancreata were used to overcome the shortage of human
tissue donors and because of the acceptable reliability and reproduci-
bility of the canine islet isolation process. All procedures were in
compliance with national animal care standards and were approved
by institutional Animal Care Committees. Pancreata were harvested
from 2^4 year old mongrel dogs under general anesthesia and sterile
conditions using previously de¢ned protocols [30]. Pancreata were
placed in ice-cold saline prior to dissection of fatty and connective
tissue. Islet isolation and puri¢cation were performed in an identical
manner as with human islets, using either Liberase CI enzyme blend
or Collagenase P (both Roche Molecular, Indianapolis, IN), Collage-
nase type 11 (Sigma, St. Louis, MO, USA) or Serva collagenase
(Crescent Chemical, Hauppauge, NY, USA).
2.4. Culture of islets
Islets were cultured in suspension in CMRL 1066 (Gibco, Burling-
ton, Ont., Canada) with or without supplementation of 10% fetal
bovine serum (Wisent, St. Bruno, Que., Canada). Islets isolated in
Indianapolis were shipped overnight in serum supplemented CMRL
1066. On arrival, islet equivalent number was reassessed, and culture
medium was changed before incubation at 37‡C in a humidi¢ed at-
mosphere of 5% CO2.
2.5. Sample preparation
All islets were removed from the dish and washed twice in cold
PBS. The islets were centrifuged and the pellet resuspended in a Non-
idet-P40 lysis bu¡er (Nonidet-P40, PMSF, aprotinin, sodium ortho-
vanadate, Sigma-Aldrich Canada, Oakville, Ont., Canada). The cells
were sonicated for 15 s and centrifuged at 14 000 rpm for 20 min. The
supernatant was recovered and frozen at 320‡C. Minor variations in
sample size were corrected by performing a total protein assay on an
aliquot of each whole cell lysate using Bradford protein dye (Bio-Rad,
Mississauga, Ont., Canada).
2.6. Western blotting
Whole cell lysates were combined with SDS-Laemmli sample bu¡er
(Bio-Rad, Mississauga, Ont., Canada) and electrophoresed on 12%
Tris-glycine gels (Novex, Toronto, Ont., Canada) at 100 V. Proteins
were transferred to nitrocellulose (Bio-Rad, Mississauga, Ont., Cana-
da) in a Mini-Trans Blot apparatus (Bio-Rad, Mississauga, Ont.,
Canada) at 250 mA constant current for 90 min. Blots were blocked
in 1% bovine serum albumin and 1% ovalbumin (Sigma-Aldrich Can-
ada, Oakville, Ont., Canada) in Tris-bu¡ered saline with Tween 20
(Sigma-Aldrich Canada, Oakville, Ont., Canada) for 60 min at room
temperature or overnight at 4‡C. Primary antibody solution was
added for 60 min at room temperature or overnight at 4‡C. All pri-
mary antibodies were from Santa Cruz (Santa Cruz, CA, USA) except
the following: anti-active ERK and p38 (Promega, Madison, WI,
USA) anti-phospho-JNK and anti-phospho-p38 (New England Bio-
labs, Beverly, MA, USA) and were used as recommended by the
manufacturer. Secondary antibody was anti-rabbit IgG conjugated
to horseradish peroxidase (Amersham, Oakville, Ont., Canada) and
exposure was 60 min at room temperature. The blots were washed in
Tris- bu¡ered saline with Tween 20, and bands visualized by enhanced
chemiluminescence using ECL reagent and Hyper¢lm ECL (Amer-
sham, Oakville, Ont., Canada).
2.7. Blot analysis
All experiments were conducted a minimum of three times and
representative blots were analyzed using Gel-Cypher (Light Tools
Research) software for Windows.
3. Results
It is di⁄cult to quantify islet cell viability following colla-
genase digestion and to predict islet survival [31]. We at-
tempted to identify possible biochemical markers to use as
predictors for this purpose. MAP-kinase signaling pathways
have been implicated in survival and death (apoptosis) signal-
ing in response to numerous stimuli in a variety of cell types.
Though the roles of the MAP-kinases may vary somewhat in
di¡erent cell types, their purpose remains the same: to trans-
mit signals to the nucleus in response to changing environ-
mental conditions. In our case, we attempted to clarify the
role of ERK, JNK, and p38 in islets of Langerhans in re-
sponse to a notoriously variable and unpredictable isolation
procedure to gain an understanding of the cellular state of the
islet.
The ¢rst question we addressed was whether the expression
of the MAP-kinases was comparable in di¡erent species.
ERK, JNK and p38 were readily identi¢able in preparations
of islets from canine, porcine and human pancreata, using
identical protocols and commercially available antibodies
(Fig. 1). MAPK expression over time was then examined.
Islets cultured in CMRL 1066 with 10% fetal bovine serum
maintained constant levels of ERK expression from 0 to 7
days after isolation. (Fig. 2A) JNK 1 (p46) expression was
constant throughout the culture period. Expression of JNK
2 (p54), however, increased with time (Fig. 2B). Expression of
p38 was found to be constant throughout the 7 day culture
period (Fig. 2C). Expression of MKP-1 increased progres-
sively throughout the culture period (Fig. 2D).
MAPK activation was observed in order to compare the
extent of signaling through each of the three pathways in
response to islet isolation. The activation patterns were found
to be similar between species. ERK activity was highest on the
day of isolation, and declined after day 1. Both ERK 1 and 2
showed the same pattern of activation, and both showed a
modest increase of activity by day 7 (Fig. 3A). The highest
levels of JNK 1 and JNK 2 activity were observed on day 0,
the day of isolation. Although considerable variation existed
between isolations, the temporal pattern that followed was the
same. The activity of both JNK 1 and JNK 2 kinases de-
creased during the ¢rst 3 days in culture, and remained low
Fig. 1. Expression of MAP-kinases in human, canine, and porcine
islets.
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thereafter (Fig. 3B). In contrast to JNK, p38 activity was
minimal on the day of isolation, and increased progressively
thereafter (Fig. 3C). We compared the degree of phosphoryl-
ation of p38 to its activity using a commercially available
non-radioactive kinase assay in order to establish a correla-
tion between the two (data not shown).
In comparing the activation of ERK, JNK, and p38 of two
separate porcine islet isolations, high p38 activation relative to
that of ERK immediately after isolation was observed to cor-
relate with low islet survival following 36 h in culture (Fig. 4).
Isolation 1 had higher ERK activation and considerably lower
p38 activation when compared to isolation 2. The survival
after a 36 h culture period of islets from isolation 1 (115.5%
IEQ recovery) was substantially higher than that of isolation 2
(47% IEQ recovery) in which the ERK activation was at the
detection limit but p38 activity was higher. Thus, at least
partial contribution to the signi¢cant di¡erence in survival
of these isolations could be ascribed to the striking imbalance
of p38 vs. ERK activity.
Results from these studies suggest that p38 and ERK phos-
phorylation (activation) could provide a diagnostic indicator
of islet cell damage and along with other parameters, be used
to produce a ‘score’ of islet viability. According to this, di¡er-
ent isolation environments could be tested. Enhanced p38
activity is not the sole parameter associated with diminished
islet cell survival, but along with suppressed ERK activity, it
is more reliable than either of the JNK kinases. The observed
variability of JNK activation in islets cells coupled with our
pilot studies using ERK and p38 inhibitors (PD98059 and
PD169316) support such a notion.
4. Discussion
Enzymatic and mechanical dissociation of the pancreatic
stroma represents a unique hurdle in islet cell transplantation.
The exact nature of the injury sustained by the endocrine
pancreatic tissue during dissociation and puri¢cation has
never been adequately assessed. Furthermore, the assumption
that puri¢ed islets need only a restoration of adequate blood
supply to continue to function normally has not been eval-
uated. The disruption of normal cell-matrix and cell-cell in-
teractions in islets may have dire implications on cell survival.
The injury sustained by islet cells during isolation and
transplantation involves several etiologies, including hypoxic,
mechanical, osmotic and thermal stress. After transplantation,
the hypoxic insult continues until revascularization of the
Fig. 2. Expression of MAP-kinases and MKP-1 in canine islets. A: Expression of ERKs. B: Expression of JNKs. C: Expression of p38. D:
Expression of MKP-1.
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graft is complete. During and after this period, the cells are
subjected to both non-speci¢c in£ammatory and alloimmune
responses by host defenses.
The tightly regulated pathways controlling cell survival,
which are crucial during cell and tissue di¡erentiation, may
continue to regulate cell homeostasis both in vivo and in vitro.
These pathways are known to include the MAP-kinase signal-
ing cascades [23]. Under homeostatic conditions, there is
thought to be balanced signaling through the MAP-kinase
pathways in which the ERKs generally mediate growth and
survival and the JNK/p38 kinases are associated with death
(apoptosis). There is increasing evidence for overlapping roles
of the MAP-kinases in particular cases due to the fact that
they can share common upstream activators and activate
common downstream targets in a variety of cell types (a dis-
cussion of which is beyond the scope of this paper, and is
reviewed in [7,8,23,32]). However, it has recently been shown
that both JNK and p38 avoid cleavage by caspases during
apoptosis while ERK is targeted for caspase-dependent pro-
teolysis, again indicating a possible overlying role for p38 and
JNK in promoting apoptosis [33].
This study was undertaken in order to elucidate the roles of
the MAP-kinases in signaling events leading to apoptosis in
isolated islets. These studies therefore examined the expression
and activation of the principal MAP-kinases in freshly iso-
lated islets and the changes observed during short-term cul-
ture. Similar results were obtained for each of the three spe-
cies studied, indicating the conservation of these signal
transduction elements in higher mammals. The commercially
available antibodies were able to label the target proteins such
that the same blotting protocol could be used, again indicative
of structural conservation.
The ERKs were found to have maximal activity on the day
of isolation. This was followed by a period of relative hypo-
activity, from which there is partial recovery, by day 7. This
decline in ERK activity may have an e¡ect on islet cell death,
which has been shown to increase during this period. The
expression of ERK, however, was constant throughout the
period of observation.
JNK expression di¡ered for the two isoforms examined.
JNK 1 expression was relatively constant throughout the
study, while JNK 2 was observed to increase steadily over
7 days. This suggests the existence of discrete regulatory proc-
esses for these two isoforms at the level of gene expression.
Activity of JNK 1 and 2 was highest on day 0, and declined
thereafter. The level of activity was constant after day 3. The
high levels observed may represent a response to the stress of
isolation. The high activation of JNK in this context could
result in a wave of apoptotic cell death occurring within days
of isolation. This wave of apoptotic activity has been observed
in both human [4], and canine islets (data not shown). The
increasing level of JNK 2 expression in the face of low levels
of activity could signify an increasing sensitivity of the JNK
pathway to stimuli. This result also suggests that there is no
redundancy between isoforms. A third band was sometimes
observed but it was unclear whether it was due to a shift in
electrophoretic migration due to phosphorylation or if this
band represents JNK 3.
The p38 MAP-kinase is thought to participate in the cell
stress response in a manner similar to JNK, but di¡ering in
the target transcription factors. The p38 kinase has been
shown to mediate the death of some cell types by apoptosis
as a result of withdrawal of growth factors [18,20] and cell
culturing [19]. In addition, some of the downstream targets of
p38 have been implicated in stress response. The recently
characterized kinase PRAK is one such target which is acti-
Fig. 3. Phosphorylation (activation) of MAP-kinases in canine islets. A: Phosphorylation of ERKs. B: Phosphorylation of JNKs. C: Phospho-
rylation of p38.
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vated in response to stress [34]. In most of the islets studied
however, p38 activity was not appreciable on the day of iso-
lation. Instead, it appeared to increase gradually with time.
There is limited evidence for a physiological role for p38, and
it has been observed in only a few types of cells. In hepato-
cytes, a constant, constitutive level of p38 expression exists,
and this activity declines in response to stress [35]. In islets,
p38 is thought to mediate the transcription of insulin via the
insulin upstream factor-1 in response to the hyperglycemic
stimulus [36]. This physiologic response is known to be inhib-
ited by cytotoxic stress. It is possible that the low levels of p38
activity are a response to the high stress of isolation, and the
gradual rise represents a recovery of the viable cells from this
insult. Clearly, the p38 response di¡ers remarkably from that
of JNK, and this alone represents a distinction between the
role of p38 in primary islet cells and transformed cell lines.
The opposite roles of ERK and p38 on islet cell survival
demonstrated here in porcine islets are consistent with pre-
vious studies on PC12 cells in which the cells were stimulated
to undergo apoptosis by withdrawal of nerve growth factor
[18]. In our case, however, the stimulus leading to apoptosis is
the isolation/culturing process itself. This type of spontaneous
apoptosis is also demonstrated in cultured human neutrophils,
but p38 was not shown to be involved [19]. In the case of
porcine isolation 1, there was initially low p38 and high ERK
relative to porcine isolation 2. Since isolation 1 showed sig-
ni¢cantly higher survival after 36 h. culture, it appears that
initial ERK and p38 activation after isolation mediate islet
cell survival in similar manner to PC12 cells [18]. Based on
these results we could not yet draw any de¢nite conclusions
about the e¡ect of JNK activity on cell viability in porcine
islets. However, it is conceivable that the role of JNK is to
counteract the disrupted homeostasis between ERK and p38.
If so, then it would follow that indeed JNK activity varies
from one isolation to the next depending on the degree of
disrupted balance between the two other MAP-kinases.
MKP-1 is one of several isoforms which play an important
role in the regulation of cellular activities by MAP-kinases
[37]. MKP-1 is induced by a variety of stimuli, including
both mitogenic and cytotoxic mediators. In particular,
MKP-1 is induced by JNK activity, and may play an impor-
tant role in the regulation of this and other signals [35].
MKP-1 was increasingly expressed with time. How this
response relates to the rising levels of JNK 2, the decline in
activity of ERK and the degree of isolation injury, remains to
be further clari¢ed.
The high level of JNK activity and rising JNK 2 expression
seen after islet isolation and puri¢cation, combined with a
reduction in ERK activity may represent a potent death signal
for the cells in response to this injury. The loss of ERK ac-
tivity may also represent an adverse change in the cell’s micro-
environment, with the loss of important trophic signals re-
quired for cell survival. The heightened JNK 2 expression
could also prove hazardous to cells exposed to a second in-
jury, either ischemic or in£ammatory, during subsequent
transplantation. The rise in p38 activity could also promote
apoptosis, but the responses of p38 and JNK appear to di¡er
fundamentally in islet cells.
Clearly, cell loss prior to engraftment is a signi¢cant barrier
to the success of islet transplantation, as the majority of clin-
ical islet transplants never demonstrate any sustained graft
function [1]. Isolation and puri¢cation of islets exposes them
to mechanical, osmotic and ischemic stresses, the precise con-
sequences of which have been poorly characterized. In addi-
Fig. 4. Phosphorylation of ERK, JNK, and p38 and survival in porcine islets immediately following isolation. A: Western blots for phospho-
rylation of the kinases. B: The means of the relative intensity of kinases phosphorylation þ S.E.M. C: Islet survival after 36 h culture.
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tion, isolation may remove important cell-cell and cell-matrix
interactions contributing to maintenance of the cell popula-
tion in the intact pancreas. The roles of the MAPKs in islet
cells have not been extensively studied, and no studies have
been published about their responses in isolation, puri¢cation
and transplantation. They are however, clearly linked to the
processes of apoptosis and survival, and the ability to manip-
ulate them may prove to be important, if not crucial, to the
maintenance of a functioning islet cell graft. Further studies
will focus on whether the balance of MAPK activity can be
altered in favor of growth promotion and survival.
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